A peroxidase-entrapped and ferrocene-embedded carbon paste (POD-Fc-CP) electrode allows a highly sensitive detection of H 2 0 2 at levels as low as 10 nmoljL with practically no interference by coexisting substances, turbidity or coloration of samples. The electrode was applied to the amperometric determination of high-density lipoprotein (HDL)-cholesterol in a very small volume (1-2 ).lL) using polyethylene glycol (PEG)-modified cholesterol esterase and cholesterol oxidase without prior precipitation or separation of HDL. PEG-modified enzymes exhibit a selective activity toward HDL-cholesterol in the presence of dextran sulphate and MgCI 2 to generate H 202 . The HDL-cholesterol concentrations of human serum samples determined by this method showed a good correlation with those determined by an ordinary spectrophotometric method using PEG-modified enzymes and peroxidase or by a conventional precipitation method.
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Monitoring the level of high-density lipoprotein (HDL)-cholesterol in serum is of great importance in clinical chemistry, since the decrease in HDL-cholesterol has been found to indicate an increased risk of atherosclerotic diseases. I For the determination of HDL-cholesterol, precipitation-based methods have been most frequently employed; lipoprotein fractions other than HDL are precipitated from serum using polyanions and divalent cations.i-' The resultant supernatant or HDL fraction is subjected to the spectrophotometric determination of HDL-cholesterol using cholesterol esterase (CHER) and cholesterol oxidase (CHOD) with the aid of peroxidase (POD). The precipitation-based methods are time-consuming and require a relatively large volume of serum sample. Recently, polyethylene glycol (PEG)-modified CHER and CHOD were found to exhibit activity specific to HDL-cholesterol in the presence of polysaccharide sulphate and MgC1 2 . 4 Correspondence: Dr Hidcuki Kinoshita. Thus, the PEG-modified enzymes allow the direct determination of HDL-cholesterol without prior precipitation and separation of HDL. A combination of z-cyclodextrin sulphate and dextran sulphate has been recommended for use as polysaccharide; dextran sulphate alone is reported to cause turbidity, which interferes with conventional spectrophotometric assays."
Electrochemical methods can be utilized for determination of H 202 without interference by turbidity of samples. Reductive detection of H 202 using POD-entrapped and ferroceneembedded carbon paste (POD Fc-CP) electrodes exhibits a higher sensitivity than the direct oxidative detection by platinum electrodes.? In this study, we attempted to apply POD-Fc-CP electrodes to the direct determination of HDLcholesterol using PEG-modified enzymes.
MATERIALS AND METHODS
Reagents PEG-modified cholesterol esterase (PEG-CHER; Pseudomonas sp., EC 3.1.1.13, PEG 6000 modification: ca. 40% of the total amino groups), PEG-modified cholesterol oxidase (PEG-CHaD; Pseudomonas sp., EC 1.1.3.6, PEG 6000 modification: ca. 40% of the total amino groups) and z-cyclodextrin sulphate sodium salt were kindly donated by Kyowa Medex Co. (Tokyo, Japan). Unmodified cholesterol esterase (CHER; Pseudomonas sp., EC 3.1.1.13), cholesterol oxidase (CHaD; Streptomyces sp., EC 1.1.3.6), peroxidase from horseradish (POD; EC 1.11.1.7, 830 Uyrng), sodium dextran sulphate (averaged molecular weight 5000), ferrocene and standard cholesterol were obtained from Nacalai Tesque (Kyoto, Japan). Samples of human serum, which had been clinically examined at Nagasaki Municipal Hospital (Nagasaki, Japan), were used. All other chemicals were of reagent grade.
Fabrication of POD-Fc-CP electrodes
Carbon paste (CP) electrodes were purchased from Bioanalytical Systems [BAS, Tokyo, Japan; 11-2210, inner diameter (et»=3·Omm]. Ferrocene-embedded CP electrodes were prepared by thorough mixing of weighed amounts of ferrocene, paraffin oil and graphite powder in a weight ratio of 1:4:10 and packing of the mixture into the well of the CP electrode. POD was entrapped on the surface of the ferroceneembedded CP as described in the literature;" a 2.uL portion of 10 giL POD solution was dropped onto the CP electrode surface and the solvent evaporated in air. The POD-mounted electrode surface was covered with a cellulose ester dialysis membrane (Spectrum Co., Houston, Texas; cut-off molecular weight 500). The electrode was covered over with a nylon net to fix the dialysis membrane. The nylon net was fixed at the electrode side with a laboratory film. The POD-modified and ferrocene-embedded CP electrode was kept at 4 DC in distilled water or Tris-HCI buffer (pH 7,0) when not in use.
Electrochemical measurements
Constant-potential amperometry was performed on a Yanagimoto P-lIOO potentiostat (Kyoto, Japan) coupled with a Toa EPR-15IA recorder (Tokyo, Japan) in a two-electrode system involving a POD-Fc-CP electrode and a saturated calomel electrode (SCE) as the working and counter electrodes, respectively. The electrode potential was fixed at 0·1 V versus SCE. All amperometric measurements were carried out with an H-type cell at 37 ± O'I"C and without deaeration. In a closed circuit, a given amount (usually 2·0.uL) of serum sample was Ann Clin Biochem 1998: 35 injected into 1·0 mL of Tris-HCI buffer (pH 7,0) and then a given amount of PEG-modified CHER and CHaD-containing solution (usually 3·0.uL) was introduced into the test solution. Current versus time curves were monitored under moderate stirring with a magnetic stirrer.
Preparation of HDL fraction Serum samples were diluted 10 times with a solution containing ISO mg/L heparin sodium salt, 50 mrnol/L CaClz and 1·5 mrnol/L NiCI 2 to precipitate lipoprotein fractions other than HDL. 7 . x The HDL fraction was obtained as the supernatant by centrifugation. In the electrochemical measurement of the HDL-cholesterol level, 10 times as much volume (usually 20·O.uL) of HDL fraction as untreated serum was injected into 1·0 mL of the basal solution.
RESULTS
Amperometric detection of cholesterol using PEG-modified enzymes POD entrapped on the POD-Fc-CP electrode catalyses the reduction of H 2 0 2 by ferroccne, which is dissolved from the electrode. The ferrocenium ion thus generated is reduced on the electrode to give a limiting current under stirring. The mechanism of the H 202 reduction is called bioelectrocatalysis,"!" in which ferrocene works as an electron transfer mediator. POD-Fc-CP electrodes allowed H 202 determination sensitive to levels as low as 10 nrnol/L, with a linearity of up to 40.umol/L in constantpotential amperometry in the potential range from 0 to 0·2 Vat pH 7·0. The response time was approximately 2 min. The relative standard deviation at a l umol/L H 2 0 2 concentration was 1·5% in run-to-run analysis (n = 5) and 8·3% in electrode-to-electrode analysis (n = 4). The stability of the response seems to be because the permeation of H 202 through the dialysis membrane is the rate-determining process. Under these conditions the background current was practically zero and was not affected by the addition of serum up to at least 30% (v/v).
The amperometric detection of H 2 0 2 using the POD-Fc-CP electrode was applied to the determination of cholesterol and its ester in serum. Figure I , which represents the concentration of HDL-cholesterol Unmodified (native) CHER and CHOD may be used in place of the PEG-modified enzymes for determination of the cholesterol concentration, but require Triton X-IOO to exhibit their full activities. The current response in the presence of Triton X-100 [0'5% (v/v)] after the addition of unmodified enzymes was almost identical to that of PEG-modified enzymes. The current in the absence of Triton X-100 increased much more slowly [ Fig. I(b) ]. This characteristic of unmodified enzymes is in marked contrast with PEG-modified enzymes. PEG-modified enzymes do not require Triton X-100; the current responses in the presence and absence of Triton X-100 were almost identical (data not shown). This is one of the advantages of the use of PEG-modified enzymes over use of unmodified enzymes.
Direct determination of HDL-cholesterol A distinguishing feature of PEG-modified enzymes is their increased substrate specificity toward HDL-cholesterol in the presence of polysaccharide sulphates and MgC1 2 . 4 The combination of z-cyclodextrin sulphate and dextran sulphate has been recommended for use as polysaccharides to avoid the turbidity of the test solution. In principle, the electrochemical measurement is not disturbed by such turbidity. In order to simplify assay conditions and reduce the assay cost, we examined the feasibility of using dextran sulphate alone as polysaccharide sulphate to increase the substrate specificity of the modified enzymes toward HDL-cholesterol. Figure I(d) shows a current versus time curve of a SOD-fold diluted serum sample upon the addition of PEG-CHOD (1'0 U/L) and PEG-CHER (0·3 U/L) in the presence of 3'Ommol/L dextran sulphate and 150 mmol/L MgCI 2 . The current response was similar to that obtained for the HDL fraction [curve (c)]. The current response, however, was significantly affected by the concentrations of dextran sulphate, MgCh and PEG-modified enzymes. In the following analyses, Is is defined as the current measured at 10min after the addition of PEG-modified enzymes into a diluted serum test solution. Figure 2 shows the effect of the dextran sulphate concentration on the Is value of a given serum sample relative to I H D L , the value obtained for the HDL fraction of the serum. The Is/I H D L ratio decreased with the increase in the dextran sulphate concentration up to I mmol/L, and the current did not reach a limiting level within IS min in the dextran sulphate concentration range of 0·2 to I mmol/L (data not shown). With a further increase in the dextran concentration over 2 mmol/L, the Is/I H D L ratio reached a limiting value very close to unity within 8-9 min [ Fig. I(d) ]. Under these conditions, the reactivity toward the lipoprotein fractions other than HDL seems to be effectively suppressed. A similar dependence of the Is/I H D L ratio was observed with the change in the MgCI 2 concentration (Fig. 3 ). More than 100 mmol/L of MgCl 2 was required to obtain a limiting value and to suppress Is down to I H D L . The MgCI 2 concentration was much higher than that required for the spectrophotometric method in the presence of rx-cyclodextrin sulphate and dextran sulphate (ca. 2 mmol/l.)." Figure 4 A further increase in the PEG-modified enzyme concentrations resulted in a gradual increase in Is over I H D L , where the current did not reach a limiting level within 15 min. This would be due to the residual reactivity of the PEG-modified enzymes toward lipoprotein fractions other than HDL-cholesterol. Therefore, it is also important to optimize the enzyme concentrations. Based on these results, we concluded that Is values very close to IHDL can be obtained without pretreatment in 1·0 mL of 0·1 mol/L Tris-HCI buffer (pH 7'0) containing 3 mrnol/L of dextran sulphate, 150 rnrnol/L of MgCb, 1·0 U/L of PEG-CHOD and 0·3 U/L of PEG-CHER. The current was practically constant within the ranges of the reaction time of 9-15 min, the dextran sulphate concentration of 2-6 rnrnol/L and the MgCb concentration of 120-300 mrnol/L. The POD-Fc-CP electrode was practically insensitive to ascorbate and urate, and exhibited a stable response over I month, during which more than 200 serum samples were assayed. Figure 4 (b) shows the enzyme concentration dependence of the current at 10 min for the HDL fraction. At the PEG-CHOD concentration of less than I U/L, the reaction did not complete within IS mins (as in the case of the untreated serum). At I U/L of the PEG-CHOD concentration, the current was smaller than I H D L , but gradually approached I H D L with a further increase in the enzyme concentration. HDL-cholesterol in serum can be directly determined by POD-Fc-CP electrodes using PEG-CHER and PEG-CHaD in the presence of dextran sulphate and MgCh. In the amperometric measurements which are free from interference by turbidity, addition of dextran sulphate is sufficient to increase the substrate specificity to HDL-cholesterol of PEG-modified enzymes. Under optimized conditions, the electrode exhibits reproducible steady-state current (Is) within 8-9 min after the addition of the PEG-modified enzymes. This means that this method is a kind of end-point assay, although the bioelectrocatalytic current of H 2 0 2 involves a kinetic factor arising from the permeation of
The evaluated HDL-cholesterol concentrations were also compared with those evaluated from I H D L values obtained for the HDL fraction of the samples [see Fig. I(c) as an example of the current responses]. An acceptable correlation was obtained between the two methods: Y (this method) = 1·032X (precipitation method) -0·036 with a correlation coefficient of 0·998 (n = 17), 95% CI being 0·927 to 1·149 for the slope and -0·164 to 0·104 for the intercept in terms of Passing-Bablok regression. 
Method comparison
The amperometric method optimized as described above was applied to 34 human serum samples, for which the HDL levels had been determined at Nagasaki Municipal Hospital using Determiner HDL-C" (Kyowa Medex Co.; a spectrophotometric method using PEG-CHER and PEG-CHaD in the presence of iXcyclodextrin sulphate, dextran sulphate and MgCI 2 ) . In this work, the HDL-cholesterol concentrations in the samples were evaluated from the relative values of Is (at 10min) compared with the standard serum containing a known amount of HDL-cholesterol. The relative coefficient of variation of Is in run-torun analysis for a given serum sample was 1·8% (n = 6). Figure 5 shows the evaluated values correlated with the spectrophotometric ones using Determiner HDL-C". The linear regression was: Y (this method) = 0·974X (spectrophotometric method) + 0·049 with a correlation coefficient of 0·990 (n = 34). The equality of the two methods was verified by using Passing-Bablok regression procedure; II 14 the evaluated 95% confidence intervals (CI) of the slope and intercept were, respectively, 2·37 to 2·67 and -0·01 to 0·14. Compared with the spectrophotometric method, the number of the reagents in the present method can be reduced, which will result in a reduction of assay cost, although both methods are based on the characteristics of PEG-modified enzymes. iX-Cyclodextrin sulphate was utilized in place of dextran sulphate to increase the substrate specificity of PEG-modified enzymes toward HDL-cholesterol. The lsi I H D L versus iX-cyclodextrin sulphate concentration plots were similar to those in Fig. 2 . The optimized concentration of e-cyclodextrin sulphate was Smmol/L at the MgCl 2 concentration of 150 mrnol/L and practically identical to that of dextran sulphate in the w!» concentrations (ca. 10giL). However, dextran sulphate is superior to z-cyclodextrin sulphate in view of the assay cost.
On the other hand, PEG-modified enzymes could completely recover the enzymatic activity toward the lipoproteins other than HDL on the addition of Triton X-100 [0,5% (v/v)]' even in the presence of dextran sulphate and MgCI 2 (data not shown). Therefore, the present method can be easily modified for the simultaneous determination of HDL-and total cholesterol, in which Triton X-IOO is to be added after the HDL-cholesterol measurement. H 2 0 2 through the dialysis membrane. In this work, 2·0).lL of serum was employed in the amperometric assay. Since the detection limit of the POD-Fc-CP electrode was 10 nrnol/L, the sample volume could be further reduced. However, 1·0 or 2·0).lL sample volumes are recommended for the assay from a practical viewpoint.
The reactivity of PEG-modified enzymes toward HDL-cholesterol is not complete at the optimized concentrations of dextran sulphate and MgCI 2 [Fig. 4(b) ]. Therefore, it might be difficult to attain absolute substrate specificity toward HDL-cholesterol by using PEG-modified enzymes. This might be because the distinction between HDL and other lipoproteins is not so clear in terms of chemical constituents. The important point is that PEG-modified enzymes enable evaluation of HDL-cholesterol with no separation steps. The incompleteness of the reaction towards the HDL fraction seems to be compensated by the residual reactivity toward other lipoprotein fractions, which results in an apparent agreement between the limiting currents of curves (c) and (d) in Fig. 1. 
